The endothelium has the capacity to modulate vascular structure in response to hemodynamic stimuli. We tested the hypothesis that exposure of the endothelium to increased laminar shear stress induces the expression of TGFp1 via a signal transduction pathway modulated by K+ channel currents. Although TGFp1 is normally secreted in a latent, inactive form, exposure of cultured endothelial cells to steady laminar shear stress (20 dynes/cm2) induced increased generation of biologically active TGFfi1. This increase in active TGFp1 was associated with a sustained increase in TGFB1 mRNA expression within 2 h of stimulation. TGFI31 mRNA levels increased in direct proportion to the intensity of the shear stress within the physiologic range.
Introduction
A large body of evidence indicates that hemodynamic stimuli have profound effects on vascular function and structure (1) . For example, blood vessels undergo a dramatic remodeling process to increase lumen diameter in response to the chronically high flow state created by an arterio-venous fistula or an intracardiac shunt (2) . Conversely, a chronic decrease in flow induces a structural decrease in lumen diameter (3) . Studies by Langille and O'Donnell (3) indicate that the endothelium plays a critical role as the blood vessel's mechanotransducer, mediating the effect of these chronic changes in flow or shear stress (the tractive force created by fluid flow) on vascular architecture. Chronic changes in blood flow also modulate the process of vascular lesion formation in diseases such as atherosclerosis, vein graft stenosis, and restenosis after angioplasty (4-6). Kraiss et al. (6) have recently shown that modest increases in shear stress within the physiologic range inhibit neointimal hyperplasia after vascular injury. These data indicate that, in response to increased shear stress, the endothelium expresses a potent paracrine factor that inhibits vascular smooth muscle cell proliferation in vivo. The inhibitory factor that mediates this response remains to be defined. In the present study we tested the hypothesis that exposure of endothelial cells to increased laminar shear stress induces the expression of TGF1, a pleiotropic factor that inhibits vascular smooth muscle cell growth (7, 8) .
The precise molecular mechanisms by which the endothelium senses changes in shear stress and promotes vascular remodeling in accordance with hemodynamic stimuli remain to be further characterized. Electrophysiologic studies indicate that the endothelium senses changes in shear stress via the activation of K+ channels that result in membrane hyperpolarization and changes in intracellular calcium (9) (10) (11) (12) (13) (14) . We have previously reported that flow-activated K+ channels appear to play an important signal transduction role in the shear stress-stimulated generation of nitric oxide by the endothelium ( 15, 16) . These data suggest that shear stress may induce changes in endothelial cell function via a mechanotransduction pathway involving changes in K+ and Ca2" ion currents. Our working hypothesis is that: (a) TGF,BI may be a mediator of flow-induced vascular remodeling, and (b) endothelial cell K+ channels may modulate shear stress-induced changes in endothelial cell gene expression regulation.
Methods
Cell culture Bovine aortic endothelial cells (BAEC)' were harvested and passaged by trypsinization as previously described (16) . These cells have been characterized as endothelial cells based upon morphology, acetylated-LDL binding, angiotensin-converting enzyme measurements, and Factor VIII antigen analysis. The cells were grown on tissue culture plates ( 150 cm2) in 10% calf serum in DME/F12 supplemented with L-glutamine (4 mM), Hepes buffer pH 7.4, penicillin (100 U/ml), and streptomycin (100 i.g/ml). Studies were conducted on cells between passages 4 and 11 that were maintained at a confluent state for 2 d. Before exposure to shear stress, the medium was switched to a defined serum-free medium without ATP, that contains insulin (1 yM), transferrin (5 mg/ml), and ascorbate (0.2 mM). 
Shear stress apparatus
We have constructed a shear stress apparatus that enables us to expose a large population of cultured endothelial cells to steady laminar shear stress within a well-defined physiologic range. Our system is modified from the original cone-plate viscometer design characterized by Bussolari and Dewey and has been previously described (16) (17) (18) . Briefly, the rotating cone forms a 0.5°angle with the 150-cm2 tissue culture dish containing cultured BAEC. The angular velocity of the cone is precisely adjusted by the motor controller to expose the cells to physiologic levels of laminar shear stress ranging from 0 to 40 dynes/cm2 as calculated by previously described formulae ( 17, 18) . The average value for the shear stress exerted on the BAEC was determined by computing the magnitude of shear stress at increasing radii beginning in the center of the dish to 4.5 cm, integrating that value over that range of radii, and dividing by the total surface area of the cell population. Although the magnitude of the shear stress varies with the radius of the dish, the variance in shear stress across the dish was minimal (variance s 10% of mean shear stress) within the range of shear stresses studied. To maximize uniformity in the exposure of cells to shear stress and to avoid the effect of flow fields that deviate significantly from laminar conditions at the edge of the plate (17) (8, (18) (19) (20) (21) (22) with 2x SSC and 0.1% SDS at room temperature for 30 min, with 0.2x SSC and 0.5% SDS at 60°C for 1.5 h, and autoradiography was performed. In slot-blotting analysis, three different amounts of RNA (4, 8, and 16 Htg) were blotted on a nitrocellulose filter in a slot-blot apparatus, and hybridization was performed as described for Northern blotting. The intensity of the signal produced by probe hybridization was analyzed by densitometry. To control for variability of loading of RNA, ethidium bromide staining of the gel for ribosomal RNA was routinely assessed and confirmed by rehybridization and autoradiography with a 32P-end-labeled oligonucleotide for human 28 S ribosomal RNA (Clontech Laboratories, Inc., Palo Alto, CA). Uniformity of RNA loading in the slot-blot was confirmed by the linearity of the hybridization to increasing quantities of total RNA as well as by rehybridization with the 28 S ribosomal RNA probe. A negative hybridization control in the slot-blot analysis was provided by loading the blot with transfer RNA.
Nuclear run-off assay
This assay was performed based on the method of Gutenberg as described (24) . The nuclear extract of BAEC was harvested 2 h after shear stress stimulation (20±2 dynes/cm2) and incubated with the reaction buffer (Tris-HCl pH 8.0, 10 mM MgCl2, 5 mM KCI, and 300 mM ATP, CTP, GTP, with 0.5 mM [32P]UTP [6, 000 Ci/mM] [100 ,uCi]) for 30 min at 30°C. The supernatant was extracted twice by phenol/ chloroform and nascent RNA bound to a nitro-cellulose filter. Newly transcribed RNA was removed from the filter and resuspended in hybridization buffer at equal counts per min per ml (5 x 105 cpm/ml). Either the TGF,B1 or the control human GAPDH cDNA plasmid (American Type Culture Collection) was used as a probe. The linearized plasmid was slot-blotted on nitrocellulose filters, hybridized, washed, and autoradiographed by standard techniques.
TGF/31 promoter-reporter gene transfection and CAT assay
The human TGF,6l promoter-chloramphenicol acetyltransferase (CAT) chimeric plasmid constructs containing the promoter region -453 to + 11 (a gift from Dr. Kim and Dr. Sporn) have been previously characterized (25) . Previous studies have established that this reporter gene construct and the endogenous gene exhibit similar patterns of expression in a wide variety of cell lines (25, 26) . The present study confirms this observation with respect to shear stress stimulation and phorbol ester stimulation in BAEC (see Results). The TGF/31-CAT construct (20 ,ug) was co-transfected with the SV40 luciferase gene expression vector (10 ,ug) (Promega Biotec, Madison, WI) into BAEC by the calcium phosphate method as previously described (27) . As an additional control, BAEC were transfected with a CAT expression vector under control of a Rous sarcoma virus promoter to assess nonspecific effects of shear stress stimulation on CAT activity. BAEC in defined serum-free medium were either: (a) subjected to shear stress (20+2 dynes/cm2 for 8 h); (b) maintained under static conditions; or (c) stimulated with PMA (100 ng/ml). Cell extracts were harvested at 48 h after transfection, and CAT activity was quantitated by the thin-layer chromatography method as previously described (27) . Luciferase activity was measured by luminometer using standard methods (Promega Biotec). CAT activity was normalized by luciferase activity as a control for variation in transfection efficiency.
Experimental protocols
Active TGFPI production. BAEC (29) (30) (31) . We have previously shown that TEA blocks flow-induced vasodilation and the release of nitric oxide by the endothelium but has no effect on agoniststimulated nitric oxide production via K' channel-independent signal transduction pathways ( 15, 16) . To block endothelial K+ channels, the cells were pretreated with TEA (3 mM) for 30 min and then exposed to shear stress (20 (Fig. 4) . Similarly, BAEC transfected with the TGF,61 promoter-CAT construct and exposed to shear stress (20+2 dynes/cm2) expressed threefold higher levels of CAT activity than the static controls (see Fig. 7 In accordance with the protein data, the shear stress-induced increase in TGF,/1 mRNA levels was also significantly inhibited by TEA (P < 0.01) (Fig. 6 ). The specificity of this response is further evidenced by the observation that the ATPsensitive K+ channel blocker glybenclamide had no effect on the shear stress-induced TGFP1 mRNA expression (data not shown). Furthermore, the selectivity of the effect of TEA is verified by the finding that TEA had no significant effect on either basal (vehicle = 1.0±0.1 U vs TEA treated = 1 .10. channels significantly attenuated the increase in CAT activity induced by shear stress. In contrast, the induction of CAT activity stimulated by phorbol ester treatment was not inhibited by TEA.
Discussion
A large body of evidence indicates that chronic changes in blood flow are important determinants of vascular structure (2) (3) (4) (5) (6) 32) . It is postulated that this process of flow-induced vascular remodeling is mediated by the flow-stimulated expression of endothelium-derived autocrine-paracrine growth factors. Using in vitro model systems, our laboratory and others have documented increased mRNA expression of the mitogen PDGF B chain in response to increased laminar shear stress (18, 33). However, it is noteworthy that the effect of shear stress on PDGF mRNA levels is relatively transient, and that generation of the biologically active protein product in endothelial cellconditioned medium has not yet been demonstrated. Indeed, in preliminary experiments we observed that conditioned medium derived from BAEC exposed to shear stress inhibits aortic vascular smooth muscle cell proliferation (unpublished observation). In accordance with this observation, Morigi et al. have recently reported similar effects on mesangial cell growth (34) . Based on previous studies documenting the inhibitory effect of TGF,61 on vascular smooth muscle cell growth, we tested the TG (l_ F.. There was no significant hybridization to the linearized plasmid vector without the cDNA insert (data not shown). As shown in the upper lanes, exposure to shear stress induced an increase in the transcription of the endogenous TGF,ll gene in BAEC, whereas there was no effect on GAPDH gene transcription (lower lanes). hypothesis that TGF,61 may be the predominant paracrine growth factor generated by the endothelium in response to laminar shear stress. TGF/31 is normally secreted by endothelial cells in a latent, inactive form unless stimulated by coculture with smooth muscle cells (22) . Our study indicates that exposure to increased shear stress activates a mechanism by which endothelial cells are able to convert the latent TGFf31 to its biologically active form. The mechanisms governing this response remain to be further defined. Based upon previous evidence that shear stress induces increased expression of tissue plasminogen activator (tPA) (35) and that plasmin can promote the conversion of Electrophysiologic studies have documented that exposure to increased shear stress activates endothelial cell K+ channels, induces hyperpolarization, and promotes calcium influx (9) (10) (11) (12) (13) (14) . Based upon our previous observation that the shear stressinduced release of nitric oxide is modulated by flow-activated K+ channels ( 15, 16) , we hypothesized that this mechanotransduction pathway may also play a role in the regulation of flowstimulated endothelial cell gene expression. Indeed, blockade of endothelial cell K+ channels with TEA significantly inhibited the shear stress-induced increase in TGF,61 gene transcription.
However, we observed no effect from the ATP-sensitive K+ channel blocker glybenclamide, and in preliminary studies we have been unable to block the induction with the calcium-activated K+ channel blocker charybdotoxin. The (36) reported that the induction of PDGF B chain gene expression in response to shear stress is associated with nuclear binding to a previously undefined cis element. As we and others have previously shown, the effect of shear stress on PDGF B mRNA levels is transient and biphasic (28 
